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The influence of the cytoskeleton reaches into almost every aspect of eukaryotic cell function. It is a little surprise therefore that links between
the regulation of the cytoskeleton and apoptosis have been found in a variety of eukaryotic systems. Studies from yeast have made a significant
contribution to this new field of research and have highlighted the importance of interactions between the cytoskeleton and mitochondria in
determining cell fate. In yeast both the actin and microtubular cytoskeletons have been shown to influence mitochondrial function and the
commitment to apoptosis. In this review we discuss the recent advances and speculate that apoptotic mechanisms that feed off the ability of the
cytoskeleton to respond to environmental signals may represent a useful mechanism to remove weak or damaged individuals from a population.
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The cytoskeleton is central to a plethora of essential processes
within eukaryotic cells. These roles vary from structural tasks,
including the maintenance of the plasmamembrane and integrity
of the nuclear envelope, to the generation of propulsive forces
required for vesicle and organelle movements. Recent studies
have revealed that the maintenance of the cytoskeleton is also an
important factor in the regulation of cellular homeostasis, often
acting within and upon programmes of cell death. For example,
upon initiation of apoptosis in higher eukaryotic cells, regulatory
components of the actin and microtubular cytoskeletons are
targeted for destruction, facilitating the loss of plasmamembrane
integrity that leads to blebbing [1]. In addition, roles for actin in
triggering programmed cell death have been proposed in diverse
eukaryotic systems, ranging from yeast to humans (reviewed in
[2]). This argues for the presence of conserved cytoskeletal
mediated mechanisms that underpin the regulation of certain
modes of cell death. Although the mechanisms involved remain
largely uncharacterised, recent experiments implicate cytoske-
letal/mitochondrial interactions as a central feature. Studies
carried out in yeast also implicate the cytoskeleton, and in⁎ Corresponding author. Tel.: +44 1227 823535.
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doi:10.1016/j.bbamcr.2008.01.019particular the actin cytoskeleton, as an important regulator of
mitochondrial function and apoptosis in response to environ-
mental signals. Here we discuss the recent data obtained from
studies in yeast that demonstrate the importance of cytoskeletal
regulation with regards to mitochondrial function and apoptosis.
2. Actin and mitochondrial morphology
The mitochondria are well known to play a pivotal role in the
regulation of programmed cell death [3,4]. It is also well
documented that mitochondrial movement and function is
tightly linked to cytoskeletal organisation. The mitochondria
consist of a dynamic tubular network that is constantly modified
by redeployment and fusion/fission events; a requirement of the
constantly changing cellular environment. The distribution of
mitochondria throughout unicellular and multicellular organ-
isms is tightly controlled. For example, the cytoskeleton is
employed to ensure that mitochondria are concentrated in areas
of cells with high energy demands [5], and are correctly
distributed during cell division [6]. In the budding yeast Sac-
charomyces cerevisiae the actin cytoskeleton plays a vital role
in mitochondrial distribution and morphological regulation [7].
In S. cerevisiae the mitochondria interact with parallel bun-
dles of F-actin known as cables, via a protein complex known as
the mitochore. The mitochore consists of three integral outer
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Mdm12p [8,9]. Mitochondria then employ the power of actin
polymerization within discrete actin rich cortical structures
known as patches, and the type V myosin, Myo2p [10,11] to
facilitate regulated movement and stable inheritance within the
cell. The disruption of the actin cytoskeleton, using either actin
depolymerizing drugs such as Latrunculin A [10] or actin
mutants [12] leads to disruption of mitochondrial morphology
and demonstrates the importance of actin on mitochondrial
morphology and distribution. An example of this is observed
in cells expressing the actin allele act1-159. Cells expressing
act1-159 form filaments that depolymerize slowly as a result of a
failure to undergo a conformational change after inorganic
phosphate release. The result of this is that act1-159 cells exhibit
reduced actin dynamics in vivo, which results in apoptotic death
[13]. The act1-159 mutation leads to cells that exhibit severe
mitochondria abnormalities in the stationary phase of growth. In
these cells the usual punctate mitochondrial architecture is
replaced by the presence of enlarged mitochondrial formations
(our unpublished observations, Fig. 1). This example serves to
highlight the role of the actin cytoskeleton in mitochondrial
integrity. The importance of maintaining a balance between
mitochondrial fission and fusion events in the context of cell
death is highlighted by experimental evidence that the promo-
tion of fragmentation, by the fission protein Dnm1p, is a crucial
element in the execution of apoptosis when yeast are subjected to
acetic acid or hydrogen peroxide treatment [14]. Dnm1p is the
yeast homologue of the human Drp1, which displays a similar
pro-fragmentation activity during apoptosis, suggesting con-
servation of function under conditions that induce programmed
cell death.
Cells that have lost the ability to regulate their actin cyto-
skeleton, and exhibit aggregates of F-actin, have been shown to
undergo a process termed Actin Mediated Apoptosis (ActMAp)
[13,15,16]. Cells undergoing ActMAp also possess morpholo-
gically and functionally altered mitochondria; that become
fragmented during the process of cell death. Themitochondria ofFig. 1. The influence of actin dynamics on mitochondrial morphology. This
figure shows the mitochondria in wild-type (A) and mutant Saccharomyces
cerevisiae cells expressing act1-159 allele (B) grown to early stationary phase.
The wild-type cell presented shows a typical punctuate mitochondrial pattern. In
contrast the mitochondria of the act1-159 cell shown are highly aberrant and
appear clumped. This morphology is presented by the majority of cells within an
early stationary phase population (our unpublished data). The mitochondria of
S. cerevisiae were visualised using a targeted GFP molecule and appear as
merged Z-stack images.these cells have reduced membrane potential and produce dam-
aging ROS [17] which are released into the cytosol. Interest-
ingly, these mitochondria have not been seen to co-localise with
the actin clumps (unpublished observations) suggesting that
actin/mitochondrial associations have been lost. A component
of the mitochore Mmm1p has been suggested to be involved
in anchoring mtDNA nucleoids and is required for accurate
mtDNA segregation [18]. The loss or reduction of mitochondrial
DNA is a common feature of ActMAp observed in actin aggre-
gating cells and it is tempting to suggest that actin aggregation
may lead to mtDNA instability through the loss of mitochore
association.
3. Actin and voltage-dependent anion channel (VDAC)
regulation
The permeability of mitochondrial membranes has been
identified as an important feature of apoptosis, in yeast and other
eukaryotes [19] and is regulated in part by the voltage-dependent
anion channel (VDAC) [19]. VDAC belongs to a family of
mitochondrial porins found in the outer mitochondrial mem-
brane (OMM) of eukaryotes [20]. Currently two VDAC genes
POR1 [21] and POR2 [22] have been identified in S. cerevisiae.
POR1 has been shown to encode for a protein that can be
reconstituted into lipid bilayers and act as a channel consistent
with VDAC activity [23]. No channel forming function has yet
been shown for POR2, and its precise role is unclear.
Documented evidence that the actin cytoskeleton, and its
accessory proteins, can interact with VDAC is growing and a role
for this interaction in the regulation of apoptosis has been
proposed in fungi and higher eukaryotes. For examplemonomeric
actin has been shown to bind to andmodulateVDACgating in the
filamentous fungiNeurospora crassa [24]. The binding of as little
as 50 nM G-actin was found to significantly reduce the VDAC
pore's conductance, thereby reducing metabolic flux across the
mitochondrial membrane [24]. Further evidence of this interac-
tion has been revealed by the use of surface plasmon resonance,
which showed physiologically relevant, dose-dependent, rever-
sible binding between the yeast VDAC and rabbit G-actin
proteins [25]. The physiological relevance of actin binding to
VDAC has not been demonstrated, however it has been specu-
lated that quiescent cells have a higher G-actin population, which
may contribute to keeping VDAC channels closed during times
of low metabolic activity [24], possibly with actin acting as a
stabilising molecule to maintain the closed conformation. On
activation of the cell, when G-actin is required for cytoskeletal
functions, the reduction in available monomeric actin may pro-
mote VDAC opening [24].
Proteins that are known to bind to, and regulate actin have
also been shown to play a role in apoptosis via mitochondrial
and VDAC interactions. Gelsolin, a mammalian actin-regula-
tory protein with filament severing activity, has been shown to
prevent apoptosis by binding to VDAC and promoting a closed
conformation [26,27]. The C-terminal region of gelsolin was
found to be essential for gelsolin's anti-apoptotic function
[26]. The actin binding protein cofilin is a member of the actin
depolymerizing factor family, and is found throughout the
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dynamic turnover of filaments by inducing filament severing
and monomer loss. In HL-60 cells treated with staurosporine to
induce apoptosis, cofilin was observed to translocate to the
mitochondria and apoptosis followed. Apoptosis was prevented
with a cofilin mutant that mimicked the inactive form of cofilin.
This study also determined that the actin binding domain of
cofilin was found to be essential for induction of apoptosis but
not for translocation to the mitochondria [29]. It is tempting to
speculate that cofilin, like gelsolin, mediates apoptotic sensi-
tivity via VDAC regulation. Whether cofilin also plays a role
in regulating mitochondrial function and apoptosis in yeast is
currently under investigation.
4. Environmental signalling and actin mediated apoptosis
(ActMAp) in yeast
The actin cytoskeleton lies at the heart of a number of cell
signalling cascades, this is evident as it is rapidly remodelled in
response to a variety of changes in environmental conditions
such as nutrient depletion, heat stress and osmotic challenge
[30]. It is also clear that actin remodelling in response to sig-
nalling cues does not represent an end point, but rather functions
within transduction cascades. Within this context the actin cyto-
skeleton may act as a part of the machinery that monitors cellular
health. This hypothesis states, that in a healthy cell, that can elicit
a correct actin remodelling response, there follows further and
appropriate signal transduction. In contrast, an unhealthy cell
that fails to remodel the actin cytoskeleton in response to envi-
ronmental cues, triggers pathways promoting cell death. Such a
mechanismwould be of benefit within a population, in which the
maintenance of cells with a dysfunctional cytoskeleton would
inevitably be detrimental. This would be particularly important
under conditions of environmental stress, such as starvation. To
elaborate, if the majority of cells within a colony are unable to
respond to their environment as a result of cytoskeletal dys-
function, but are allowed to live, and use up valuable nutrition,
then the colony as a whole may not survive. One strategy would
be to link programmed cell death to environmental signalling,
allowing damaged cells within the population to be executed.
Evidence to support the hypothesis that actin may function as a
biosensor has come from studies in mammalian systems and the
budding yeast S. cerevisiae [31]. In yeast, the stabilisation of
cortical actin structures has been shown to induce mitochondrial
dysfunction and lead to the generation of ROS, which in turn
reduces lifespan and promotes cell death [13]. In contrast to this,
a point mutation in the actin gene, which can increase the
dynamic nature of the actin cytoskeleton was shown to lead to
reduced levels of ROS [13]. Deletion of the actin bundling gene
SCP1, the yeast homologue of mammalian SM22/transgelin,
also led to reduced levels of ROS and an increase in replicative
lifespan [13].
How does actin regulate signalling events that affect mito-
chondrial function, ROS production, cell death and aging? In
yeast, the answer may lie in the interaction between the actin
cytoskeleton and the activity of the Ras/cAMP/PKA signalling
cascade. The Ras/cAMP/PKA pathway is a major signallingpathway that is required for the co-ordination of cell growth and
proliferation in response to the nutritional environment [32,33].
Yeast Ras is functionally equivalent to the mammalian Ras
oncogene, which also links extracellular signals to proliferation
[34]. In yeast the Ras/cAMP/PKA pathway must be shut down
as cells experience starvation in order to effectively exit the cell
cycle and initiate stress response pathways. The failure to shut
down this pathway is known to lead to mitochondrial dysfunc-
tion as cells expressing the constitutively active RAS2ala12val19
have been shown to exhibit altered mitochondrial membrane
potential and elevated ROS levels [35,36]. Mutants lacking the
actin-regulatory function of the proteins Sla1p or End3p, which
exist as a complex with Pan1p, were shown to undergo apo-
ptosis that was attributable to the hyperactivation of the Ras/
cAMP/PKA signalling pathway [15,16].These cells accumu-
lated aggregates of stabilised actin and possessed dysfunctional
mitochondria that produced high levels of ROS as cells ex-
perienced nutritional depletion [16]. The accumulation of ROS
and death can be prevented in actin aggregating cells by the
deletion of the PKA subunit, Tpk3p. Although the targets of
Tpk3p during ActMAp remain to be elucidated, previous re-
search also suggests that this enzyme plays an important role in
mitochondrial function. For example, the enzymatic content of
mitochondria was significantly altered in yeast lacking Tpk3p
when grown on lactate, which requires functional mitochondria.
The absence of Tpk3p resulted in reduced levels and activity of
cytochrome c, a constituent of the electron transport chain [37].
The lack of Tpk3p activity affected growth most noticeably at the
diauxic shift phase, suggesting that Tpk3p activity is important
in modulating mitochondrial activity for efficient switching of
metabolic changes due to nutrient limitation [16,37]. There is also
evidence that the activity of Tpk3p within mitochondria can
control transcription of mitochondrial encoded genes in a cAMP
dependent manner, by phosphorylation of mitochondria-located
target proteins [37]. One possibility is that PKA activity is com-
partmentalised in yeast, as has been widely reported in higher
eukaryotes. In higher eukaryotes PKA is sequestered to particular
areas and compartments of cells by A kinase anchor proteins
(AKAPs) [38]. In yeast two cytoplasmic AKAP candidates have
recently been identified ZDS1 and ZDS2which appear to interact
with the regulatory subunit of PKA, Bcy1p in yeast [38]. It is not
currently known whether AKAP function plays a role in the
regulation of cell death induced by the hyperactivation of Ras/
cAMP/PKA. The data discussed above strongly suggest that in
yeast the regulation of actin plays a central role within a pathway
that regulates cell fate in response to nutritional signalling.
The Ras signalling pathway has also been shown to regulate
apoptosis in the pathogenic yeast Candida albicans. Although
these studies have not investigated the role of the cytoskeleton in
Ras regulation, these data suggest that signals influencing cAMP
production and sensation may be a common mechanism by
which programmed cell death is regulated in yeast. C. albicans
forms part of the normal flora of the oral cavity, intestinal tract
and vagina and although infections present little problem in
healthy individuals, in immuno-compromised patients these can
prove fatal [39]. Phagocytic cells such as neutrophils and macro-
phages form an important part of the immune system's protection
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phagocytosis into a phagosome presents a hostile environment in
terms of available nutrients, low pH and the presence of
hydrolytic enzymes. The destruction of the yeast then comes
down to the battle between the host cell's armoury and the
engulfed individual's ability to defend itself. Candida like many
fungal pathogens, has adopted techniques such as morphological
change to circumvent cell death within the phagosome [41]. One
can imagine that the regulation of yeast apoptotic pathways may
play a role in the outcome of such life/death encounters between
pathogen and host. Interestingly, recent data from a study in-
vestigating the proteomic and transcriptional consequences of
the encounter between macrophage and the pathogenic yeast
C. albicans has placed actin based apoptotic signalling within an
interesting physiological context [42]. Fernàndez-Arenas et al.
were able to recover Candida cells after macrophage engulfment
and analyse both the gene and protein expression profiles. En-
gulfment leads to the repression of a number of genes involved in
the regulation of the actin cytoskeleton, with the exceptions of
cofilin and tropomyosin 2 (a protein involved in the stabilisation
of actin cables) which were both upregulated. This data suggests
that the dynamic capability of the Candida actin cytoskeleton isFig. 2. The struggle for life. The engulfment of the pathogenic yeast C. albicans by a p
a struggle for life. One possibility is that this struggle is influenced by the ability of bo
engulfment it has been proposed that Candida enters a pro-apoptotic state in which
apoptosis are induced.severely compromised after macrophage engulfment. FGR38, a
putative homologue of CYR1, the budding yeast adenylate cy-
clase was also overexpressed in cells after engulfment suggesting
that cAMP levels may also be elevated. Additionally the engulfed
Candida cells appeared to have elevated levels of a number of
proteins known to be involved in apoptosis in yeast. These data
led the authors to suggest that macrophage engulfed yeast cells
exist in a pro-apoptotic state (Fig. 2). The physiological sig-
nificance of these findings are yet to be understood, but they
provide tantalizing evidence that factors involved in yeast cell
death regulation, such as the actin cytoskeleton, cAMP signalling
and apoptosis-regulatory proteins, are manipulated during host/
pathogen interactions.
5. Actin, oxidative stress and aging
The actin cytoskeleton is sensitive to increases in the oxidative
status of cells [43]. Under conditions where reactive oxygen
species levels are increased a disulphide bond may be formed
between cysteine residues at positions 284 and 373 of actin [43].
The formation of C284–373 bonds decreases the dynamic
capability of the cytoskeleton and is an important factor in thehagocytic cell, such as a macrophage, leads to a variety of changes that represent
th host and pathogen to regulate factors influencing apoptosis in the yeast. Upon
mitochondrial and cytoskeletal functions are retarded, while regulators of yeast
1410 J.E. Leadsham, C.W. Gourlay / Biochimica et Biophysica Acta 1783 (2008) 1406–1412reduced flexibility observed in red blood cells from patients
suffering from sickle cells anaemia [44,45]. Recent work from
DavidAmberg's group has demonstrated that a disulphide bond is
also formed in S. cerevisiae actin at the equivalent cysteine resi-
dues (C285 and C 374) in response to oxidative stress, providing
an attractive model to study the mechanisms involved. The
authors uncovered a protective function for the oxidoreductase
Oye2p, also known as old yellow enzyme, as it serves to regulate
oxidation between C285 and C374 [46]. It is proposed that OYE
acts to counter the damaging effects of ROS by preventing
disulphide bond formation between these two cysteine residues
[46]. Mutants in the ACT1 gene that replaced the C285 and C374
with the uncharged residue alanine were shown to be more
resistant to oxidative stress than wild-type strains. In addition
these actin alleles could suppress the oxidative sensitivity dis-
played by cells lacking the OYE2 gene. Data from ourselves, and
others, point to a general phenomena that stabilisation of the actin
cytoskeleton increases the likelihood of apoptotic cell death. A
logical progression of the OYE2 study carried out by Amberg'sFig. 3. The cytoskeleton and apoptosis in yeast. Data from a number of groups ha
regulation of apoptosis in yeast. The focus of many of these studies has been on th
influences both the distribution and morphology of mitochondria, serving both as a tr
actin dynamics facilitates Ras/cAMP/PKA signalling, which represents an important
distribution of anti-aging factors that protect newly forming cells and promote de
Microtubule stability has also been shown to play a regulatory role in the commitmgroup was to investigate whether the OYE2 actin protection
mechanisms also protected cells from apoptosis. Cells lacking
OYE2 were shown to exhibit accelerated cell death and showed
markers of apoptosis such as ROS accumulation and DNA frag-
mentation [47]. The apoptotic cell death induced by actin stabi-
lisation could be suppressed by the C285A andC374Amutations.
The premature chronological aging phenotype also displayed in
Δoye2 cells could also be suppressed by the cysteine mutant
alleles [47].
Recently the phenomena that newly formed daughter yeast
cells inherit a greater capacity to reduce ROS levels than their
mother has been documented. This requires the function of the
Sir2 protein, a member of the Sirtuin family that have been
shown to be key regulators of aging in a variety of organisms,
including yeast, worms, and flies [48,49]. The mechanism of
daughter cell ROS clearance was shown to utilise the actin
cytoskeleton as treatment of dividing cells with the actin dis-
rupting drug Latrunculin A led to the abolition of ROS protec-
tion asymmetry between mother and daughter cells. These datas demonstrated that the actin and microtubular cytoskeletons play a role in the
e relationship that exists between the cytoskeleton and the mitochondria. Actin
ack and a propulsive force for the movement of this organelle. The regulation of
mechanism in deciding cell fate in the face of nutritional depletion. Asymmetric
ath in the mother cell, has also been shown to require the actin cytoskeleton.
ent to apoptosis.
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regulate ROS levels and is a target of their production during
apoptosis in yeast.
6. Microtubule stability and apoptosis
Recent data suggests that yeast microtubule stability may
play a role in the regulation of stress management and com-
mitment to apoptosis (Summarized in Fig. 3). This revelation
comes from work carried out on the yeast homologue of the
mammalian Translationally Controlled Tumour Protein (TCTP),
namedMMI1 (MicrotubuleMitochondria Interacting 1). Human
TCTP is known to bind to microtubules in a cell cycle dependent
manner and shows similarity to the tubulin binding domain of
the microtubule-associated protein MAP-1B [50]. Overexpres-
sion of TCTP leads to an increase in microtubule mass and
stability [50]. TCTP has also been shown to bind to MLC-1, a
homologue of the anti-apoptotic Bcl-1 proteins, and to prevent
cells from undergoing apoptosis [51,52].The crystal structure of
TCTP from fission yeast suggests similarity to the Mss4/Dss4
family of proteins, which bind to the nucleotide free form of Rab
proteins [53]. Studies that sought to characterise the proteomic
alterations invoked by yeast apoptosis revealed that the yeast
homologue TCTP became enriched in the mitochondrial fraction
in apoptotic cells [54]. Using fluorescence microscopy, the
authors demonstrated that yeast TCTP, which is cytoplasmic
under normal conditions, was targeted to the mitochondrial outer
membrane under conditions of oxidative stress [54]. The
deletion of MMI1, and probable destabilisation of microtubles,
led to an increase in lifespan and resistance to oxidative stress.
The loss of MMI1 function also led to a sensitivity to the
microtubule disrupting drug benomyl that could be suppressed
by re-introduction of either yeast ormammalian TCTP, suggesting
conservation of function throughout evolution [54]. The similar
consequences of microtubule and actin stabilisation, which both
increase the likelihood that cells will undergo apoptosis, point to
a general role for cytoskeletal dynamics in regulating cell fate
decisions in response to stress.
7. Conclusions
The regulation of the cytoskeleton forms an essential link
between signal and appropriate response in all eukaryotic cells.
The overwhelming evidence suggests that cells from lower to
higher systems have adopted the dynamic state of the cytoskeleton
as an indicator as to the cells overall health. The question as to
whether core interactions and regulatory mechanisms between
cytoskeletal components and pathways that influence apoptosis
remains unanswered. However a strong body of evidence points
to the close relationship between the actin and microtubule
cytoskeletons and the regulation of mitochondrial function as a
possible point of conserved apoptotic regulation.
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